Increased kynurenine pathway metabolism has been implicated in the etiology of AIDS dementia complex (ADC).
A significant percentage of HIV-1 infected individuals develop cognitive/motor abnormalities (16) , which are referred to collectively as AIDS-related dementia complex (ADC). In ADC the CNS pathology is characterized by neuronal cell loss, astrogliosis, infiltrating macrophages, and formation of microglial nodules and giant cells (4, 9, 15) . However, the underlying cause of neuronal degeneration in ADC is unknown. Productive HIV infection in the CNS is limited to macrophages and microglial cells, with restricted infection in astrocytes and essentially no infection within neuronal cells (16) . This suggests that HIV-1 infection of brain macrophages may be central to the loss of neurological function in ADC through an indirect immune system-mediated mechanism (13) .
Macrophages activated with HIV-1 or HIV-1 envelope glycoprotein (gp120) contribute to the production of a number of putative neurotoxins including glutamate (8) , arachidonic acid metabolites (12, 13) , nitric oxide (12) , platelet-activating factor (13) , tumor necrosis factor alpha (12, 13, 38) , and quinolinic acid (30, 36) . Elevated levels of quinolinic acid, in particular, have been consistently observed in vivo in the cerebrospinal fluid and brain parenchyma of patients with ADC (1, 19, 36) . The severity of neurological symptoms has been correlated with the increase in quinolinic acid levels in the brain in the simian immunodeficiency virus model of ADC (21) .
Quinolinic acid is an endogenous agonist (excitotoxin) at the N-methyl-D-aspartate receptor, a subtype of the glutamate receptor in the CNS, and therefore may act as a primary mediator of neuronal dysfunction in ADC (35) .
Quinolinic acid is produced de novo by the oxidative catabolism of the essential amino acid tryptophan through the kynurenine pathway (5) . The first and rate-limiting enzyme for this pathway is IDO, which can be induced by the proinflammatory cytokine IFN-␥ (2, 19, 37) . IDO catalyzes the conversion of tryptophan to N-formylkynurenine, which can then be converted nonenzymatically to the first stable product, kynurenine (Fig. 1 ). An increase in IDO activity has been found in the frontal cortex of patients with ADC but not in HIV-1 infected patients without encephalopathy (35) . This suggests that quinolinic acid is synthesized locally in the CNS of these patients and may be one of the factors associated with the unique pathology of ADC.
HIV-1 can be isolated from the CNS of virtually all subjects with AIDS; however, only about 30% of those individuals develop dementia (17) . Activated macrophages and microglia are apparently the only cells capable of catabolizing tryptophan to quinolinic acid in the CNS (20, 25) . Low levels of quinolinic acid production from HIV-1-infected macrophages have been observed (30, 36) ; however, neither the mechanism of quinolinic acid synthesis (i.e., IDO induction) nor the effect of different viral strains on the induction of IDO has been previously investigated. Although the role of strain variability in the development of ADC is unknown, it has been suggested that conservation of key amino acids in the third hypervariable region (V3) of gp120 in brain-derived HIV-1 isolates correlates with their ability to infect brain microglia/macrophages (26, 32) . This cellular tropism, which is also influenced by the expression and utilization of various types of HIV-1 coreceptors (18) , may be important in the etiology of ADC.
In this study we investigated whether direct infection of MDM in culture with different HIV-1 strains could induce the first enzyme of the kynurenine pathway, IDO, leading to kynurenine synthesis. The results showed that only selected HIV-1 strains induce IDO and kynurenine pathway metabolism efficiently in MDM and that this did not appear to be related to their level of replication.
MATERIALS AND METHODS
Abbreviations used in this paper. ADC, AIDS-related dementia complex; IDO, indolamine,2,3-dioxygenase; MDM, monocyte derived macrophages; IFN-␥, interferon gamma; HIV-1, human immunodeficiency virus type 1; CNS, central nervous system; LA, laboratory adapted; TBS, Tris-buffered saline.
Monocyte isolation. Human peripheral blood monocytes were extracted from 400 ml of whole blood from healthy HIV-1-seronegative volunteers as previously described (23) . Briefly, blood mononuclear cells were obtained by differential centrifugation in Ficoll-Hypaque (Pharmacia-AMRAD, Sydney, Australia). Monocytes were separated from other mononuclear cells by countercurrent elutriation (Beckmann centrifuge J-6M/E fitted with a JE 5.0 elutriation rotor) followed by adherence to plastic for 7 days with extensive washing to eliminate any residual T-cell contamination. Cells were plated at a density of 10 6 cells/ml of medium, which consisted of RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 10% heat-inactivated pooled AB ϩ human serum, and 50 M tryptophan (Sigma, Sydney, Australia) (RF10/10 ϩ ), in a 48-well tissue culture plate (Nunc, Sydney, Australia). Monocytes were allowed to adhere for 7 days, facilitating their differentiation into mature macrophages, before being infected with various strains of HIV-1. The purity of cell cultures using this method is typically Ͼ99% MDM as determined by flow cytometry using a monoclonal antibody to CD14 and CD68.
Contamination-free culture conditions in this laboratory are ensured by the routine testing of selected cultures for the presence of endotoxin and mycoplasmas by the Limulus amoebocyte lysate chromogenic assay (Sigma) and Hoechst staining (Sigma), respectively.
HIV-1 infection and IFN-␥ and anti-IFN-␥ antibody treatments. Following a complete medium exchange with RF10/10 ϩ , 7-to 9-day-old MDM (10 6 ) were either infected with various strains of HIV-1, exposed to 600 U of human recombinant IFN-␥ (Sigma) per ml, or left untreated for 1, 2, 5, or 8 days. Appropriate culture supernatants were sampled and the cells were homogenized on days 1, 2, 5, and 8 posttreatment. Human antibody to IFN-␥ (100 U/ml) (R&D Systems, Sydney Australia) was added to selected cultures immediately following HIV-1 infection with the neurotropic strain HIV1-JRFL and sampled after 48 h. Selected MDM on day 6 after HIV-1 (BaL, JR-FL, or 631) infection were treated with 600 U of IFN-␥ per ml and sampled after 48 h.
For HIV infection, MDM from two donors were exposed to the same virus inoculum of one of either two LA strains, HIV1-BaL, or HIV1-JRFL, or the brain-derived primary isolate HIV1-631 using a multiplicity of infection of 0.025 50% tissue culture infective dose per cell. All HIV strains used were propogated in peripheral blood mononuclear cells pooled from the same three donors. Virus stocks were also measured by a reverse transcriptase assay using 10 5 CPM of reverse transcriptase activity per ml.
The HIV1-BaL (11) and HIV1-JRFL (27) isolates were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. The primary isolate, HIV1-631, was obtained from an AIDS rapid progressor with encephalopathy (10) . p24 antigen assay. The level of extracellular HIV p24 antigen in cell culture supernatants was determined by a commercial enzyme-linked immunosorbent assay (Coulter Electronics) as specified by the manufacturer. The concentrations of antigen were calculated, and the values were designated nonproductive (Ͻ25 pg/ml), low (Ͻ1 ng/ml), intermediate (1 to 49 ng/ml), or high (Ͼ50 ng/ml).
Kynurenine assay. The change in kynurenine concentration in the HIV-infected culture supernatant was measured spectrophotometrically (37) . Briefly 100 l of 30% trichloroacetic acid was added to 200 l of the culture supernatant, vortexed, and then centrifuged at 10,000 rpm for 5 min. A 125-l volume of the supernatant was added to 125 l of Ehrlich's reagent (100 mg of p-dimethylbenzaldehyde, 5 ml of glacial acetic acid) in a microtiter plate well (96-well format). Samples were read against a reagent blank with a 492-nm filter in a Multiskan MS (Labsystems) microplate reader. The change in kynurenine concentration was obtained by subtracting control levels (uninfected culture supernatant) from the sample value.
Western blot analysis for IDO. Cells were homogenized in 500 l of homogenate buffer (50 l of Triton X-100 plus 122 mg of nicotinamide in 10 ml of phosphate-buffered saline [pH 7.4]). Then 15 l of sample was loaded into each well of a Mini-Protean 11 10% (wt/vol) polyacrylamide slab gel (Bio-rad) in the presence of 1 mg of sodium dodecyl sulfate per ml and subjected to electrophoresis for 1 h. Electrophoretic transfer of the protein onto nitrocellulose paper was done using a Mini Trans Blot apparatus (Bio-rad) (100-V constant voltage for 15 min). The membrane was then washed with TBS buffer and placed in 4% skim milk powder-TBS for 1 h to block all nonspecific binding sites on the membrane. The membrane was removed, washed at least three times with TBS (5 min each), placed in a buffered solution of primary monoclonal IDO antibody (1:10,000 dilution) supplied by O. Takikawa (University of Wollongong) (37) , and then left overnight at 4°C. The membrane was removed, washed three times with TBS, and placed in secondary antibody (biotinylated goat anti-mouse immunoglobulin G; 1:1000) for 1 h at 25°C. The membrane was washed three times with TBS and incubated for 1 h at 25°C with peroxidase-conjugated streptavidin. Finally, the membrane was washed and the IDO protein was stained using a nickel-enhanced diaminobenzedine reaction (10 to 
RESULTS

HIV-1 productive infection (p24 antigen).
The infection and replication kinetics of the three HIV-1 strains were compared for up to 8 days postinfection by determining the level of p24 antigen in the culture supernatants. All viral strains produced readily detectable concentrations of p24 antigen by day 8 post infection. The LA macrophage-tropic HIV1-BaL showed a high level of replication by day 8 post infection in MDM from donors 1 and 2. The brain-derived primary isolate HIV1-631 showed an intermediate level of replication by day 8 postinfection in MDM from donor 2 (Fig. 2) . The LA brain-derived HIV1-JRFL showed a high level of replication in donor 1 MDM, comparable to that observed for HIV1-BaL (data not shown), but an intermediate level of replication in donor 2 MDM (Fig. 2) .
IDO induction and supernatant kynurenine concentration in HIV-1-infected macrophage cultures.
Using Western blot analysis, we assayed for IDO protein in the cell homogenate of macrophages from two different donors infected with different HIV-1 strains. MDM from donor 1 were infected with HIV1-BaL and HIV1-JRFL only, while MDM from donor 2 were infected with HIV1-BaL, HIV1-JRFL, and HIV1-631. Samples were taken on days 1, 2, 5, and 8 postinfection. IFN-␥ a potent inducer of IDO in MDM (2, 19) , was added to selected cultures as a positive control.
An increase in antibody staining for IDO protein was observed on day 1 postinfection for MDM infected with brainderived LA HIV1-JRFL or treated with IFN␥ (Fig. 3) . On day 2 postinfection, a marked increase in IDO staining intensity was detected in MDM either treated with IFN-␥ or infected with the brain-derived LA HIV1-JRFL or the brain-derived primary isolate HIV1-631 ( Fig. 3 and 4) . MDM infected with the highly replicating macrophage-tropic LA HIV1-BaL showed only a slight increase in detectable IDO above baseline on day 2 postinfection (Fig. 3 and 4) . All HIV-1-mediated induction of IDO declined to baseline levels by day 8 postinfection.
To clarify how the induction of IDO by HIV may affect tryptophan metabolism in these cultured MDM, the level of kynurenine, a major metabolite, was measured in the supernatant of these macrophage cell cultures. Supernatant kynurenine levels increased markedly by day 2 postinfection in cultures either exposed to IFN-␥ or infected with the brainderived LA strain HIV1-JRFL and the brain-derived primary isolate HIV1-631. However, little or no increase in the kynurenine level was observed in the supernatant of cells infected with LA macrophage tropic HIV1-BaL (Fig. 5) . At maximal IDO induction (day 2 post infection, Fig. 4 ), the level of IDO induction by the different viral strains correlated precisely with the pattern of kynurenine concentration measured in the culture supernatant, HIV1-JRFL Ͼ HIV1-631 Ͼ HIV1-BaL, where the induction of IDO by HIV1-BaL was only marginally above baseline (Fig. 4) .
Effect of viral replication on IDO induction by exogenous IFN-␥. IDO induction and kynurenine production in HIV-1 infected MDM decreased to control levels by day 8 postinfection, a time when viral replication was most abundant (Fig. 2) . To investigate whether viral replication was affecting the mechanism through which cytokines induce IDO, 7-day-old MDM were infected with the three strains of HIV-1. On day 6 postinfection, 600 U of IFN-␥ per ml was added to the HIV-1- infected cultures, and 48 h later samples were taken for Western blot analysis of IDO and measurement of the supernatant kynurenine concentration as described above. IDO was strongly induced by IFN-␥ in all HIV-1-infected cultures (data not shown), similar to treatment with IFN-␥ alone. The kynurenine concentration in the supernatant of these cultures was also markedly increased (HIV1-BaL plus IFN-␥, 52 Ϯ 2 M; HIV1-JRFL plus IFN-␥, 55 Ϯ 5 M), similar to that observed for IFN-␥ treatment alone (Fig. 5) . These findings indicated that the replication of HIV-1 itself does not affect the induction of IDO by exogenous IFN-␥.
Effect of anti-IFN-␥ antibody on kynurenine metabolism in HIV1-JRFL-infected macrophages. To investigate the mechanism of IDO induction (leading to kynurenine synthesis), we added a human antibody to IFN-␥ (100 U/ml) to cells infected with HIV1-JRFL on day 9 in culture and assayed for both the supernatant kynurenine concentration and IDO protein level after 48 h. Figure 6 shows that the supernatant kynurenine concentration was reduced by greater than 60% in the presence of anti-IFN-␥ antibody (Fig. 6A) . This was consistent with a complete lack of detectable IDO protein in the cell homogenate (Fig. 6B) . The presence of an isotype control for this antibody did not significantly affect kynurenine production in HIV1-JRFL-infected cells (data not shown).
DISCUSSION
In this study we have shown for the first time that IDO, the rate-limiting enzyme for oxidative tryptophan catabolism, can be induced by HIV-1 in human MDM. Infection with the brain-derived isolates LA HIV1-JRFL and the primary isolate HIV1-631 but not the macrophage-tropic LA HIV1-BaL induced MDM to produce considerable amounts of IDO and its metabolic product, kynurenine. Addition of an antibody to IFN-␥ on the day of infection resulted in undetectable levels of IDO protein in the cell homogenate and a large reduction in kynurenine concentration in the culture supernatant.
HIV infection of the CNS is present in most subjects with AIDS; however, only a subset of these patients develop the neurological symptoms associated with ADC (16) . This suggests that not all strains of HIV-1 are able to induce the production of neurotoxins, which have been associated with the neuropathology of ADC (28) . Secretion of a number of potential neurotoxins from HIV-1-infected macrophages and microglia (6, 16, 32, 36, 38) , including the excitotoxin quinolinic acid (6, 30) , has been reported. Quinolinic acid is increased in the CNS of HIV-1-infected patients with dementia but not in patients without neurological symptoms (36) .
The development of clinical dementia (32) and the production of quinolinic acid in HIV-1-infected macrophages (6) differ according to the viral strain. Quinolinic acid synthesis is regulated by IDO, the rate-limiting enzyme of the kynurenine pathway (Fig. 1) . We have shown, for the first time, that HIV-1 infection results in a significant induction of IDO protein in MDM. Consistent with previous reports regarding increased quinolinic acid production (6) , not all strains of HIV-1 were able to induce IDO. The brain derived viruses LA HIV1-JRFL and primary isolate HIV1-631 were able to markedly induce IDO, resulting in a significant increase in kynurenine secretion into the culture supernatant. This may be relevant clinically, since increasing kynurenine pathway metabolism in MDM has been shown consistently to result in elevated levels of quinolinic acid in extracellular fluid (20, 34) .
Interestingly, little or no induction of IDO or kynurenine production was observed in cells infected with the highly replicating LA macrophage-tropic strain (HIV1-BaL).
From the data above, it appears that the induction of IDO may be related to the viral tropism (i.e., neurotropism); however, a much larger panel of different viral strains must be examined to confirm this hypothesis. These results also suggest that IDO induction in vitro correlates with the viral characteristics associated with in vivo strain adaptation rather than with the level of viral replication (6). It was noted that both induction of IDO and kynurenine secretion decreased to baseline levels by day 8 postinfection (Fig. 3 and 4) , a time when HIV-1 replication was highest (Fig.  2) . However, addition of exogenous IFN-␥ to HIV-1-infected cultures during this time (i.e., day 7 to 8 postinfection) resulted in induction of IDO to the same degree as in uninfected IFN-␥-treated cells. This indicates that productive HIV-1 replication does not affect the induction of IDO if IFN-␥ is present in the extracellular fluid. Therefore, the mechanism of IDO induction may involve endogenous production of IFN-␥ by MDM in the initial stages of HIV-1 infection, which may then be down regulated by productive viral replication (29) .
It is well known that IFN-␥ is a potent inducer of IDO and kynurenine pathway metabolism in macrophages (2, 33, 34, 39) . T cells and NK cells are considered the primary source of IFN-␥ during an immune response (14) . Recently, other cell types, including monocyte/macrophages, have been shown to be able to synthesize IFN-␥ (3, 14) . Therefore, we investigated the possibility that endogenous IFN-␥ production may mediate the induction of IDO in these HIV-1-infected MDM. Addition of a human antibody to IFN-␥ simultaneously with infection (HIV1-JRFL) resulted in an absence of detectable IDO protein on day 2 postinfection (Fig. 6B) , the time point when IDO induction is greatest ( Fig. 3 and 4) .
These results suggest that infection of MDM with selected HIV-1 strains (such as HIV1-JRFL and HIV1-631) stimulates the production of endogenous IFN-␥, resulting in immune system activation, IDO induction, and subsequent increased flux through the kynurenine pathway. However, this phenomenon was transitory, declining to baseline by day 8 postinfection ( Fig. 3 and 4) , while HIV-1 replication continued to increase (Fig. 2) . In agreement with this result, it has recently been reported that acute HIV-1 infection downregulates IFN-␥ expression in activated cells by a DNA methyltransferase-dependent process (29) .
In conclusion, we observed that both LA and primary brainderived strains of HIV-1, but not the macrophage-tropic isolate HIV1-BaL, effectively induce IDO, the rate-limiting enzyme of kynurenine pathway metabolism. Evidence presented above indicates that this induction is mediated through a transient synthesis of endogenous IFN-␥ by HIV-infected MDM. Although IDO induction was associated with brain-derived strains of HIV-1 in this study, further investigations using a wider panel of diverse HIV-1 strains are required to clarify the association between viral tropism and IFN-␥ and IDO induction.
These results suggest that therapeutic strategies targeted at regulating IFN-␥ production may be an alternative approach to managing patients at risk of ADC, in addition to strategies already suggested for dealing with individual downstream excitotoxins such as quinolinic acid (22, 24) .
